. Niacin-bound chromium enhances myocardial protection from ischemia-reperfusion injury. Am J Physiol Heart Circ Physiol 291: H820 -H826, 2006; doi:10.1152/ajpheart.00134.2006.-A novel niacin-bound, chromium-based energy formula (EF; InterHealth Nutraceuticals, Benicia, CA) has been developed in conjunction with D-ribose, caffeine, ashwagandha extract (containing 5% withanolides), and selected amino acids. We have assessed the efficacy of oral administration of EF (40 mg ⅐ kg body wt Ϫ1 ⅐ day Ϫ1 ) in male and female rats over a period of 90 consecutive days on the cardiovascular and pathophysiological functions in an isolated rat heart model. After 30, 60, and 90 days of treatment with EF, the hearts of male and female rats were subjected to 30 min of global ischemia followed by 2 h of reperfusion and were measured for myocardial ATP, creatine phosphate (CP), phosphorylated AMP kinase (p-AMPK), and heat shock proteins. Myocardial ATP and CP levels were increased in both male and female rats after EF treatment compared with the controls. Western blot analyses were performed to quantify the expression of stressrelated proteins such as heat shock proteins and are found to be increased in both male and female rats after EF treatment. The p-AMPK level, which is a sensor for the energy state in various cell types, was also found to be increased after treatment with EF in both male and female rats. Aortic flow, maximum first derivative of developed pressure, left ventricular developed pressure, and infarct size were observed after ischemia-reperfusion and found to be significantly improved in EF-treated rats compared with control animals. Thus EF demonstrated long-term safety as well as exhibiting significant cardioprotective ability during ischemia and reperfusion injury by increased energy production, improved cardiac function, and reduced infarct size.
DESPITE SIGNIFICANT ADVANCES in myocardial revascularization and reperfusion, coronary artery disease and, subsequently, myocardial infarction are the leading causes of morbidity and mortality in the United States. Myocardial ischemia produces characteristic patterns of metabolic and ultrastructural changes that lead to irreversible injury. Although many drugs are the subject of myocardial ischemia intervention, certain nutraceutical agents may also play an effective role. Several of these, including a niacin-bound chromium complex, D-ribose, standardized ashwagandha extract (containing 5% withanolides), and selected amino acids, were formulated into a unique energy formula (EF; InterHealth Nutraceuticals, Benecia, CA) and are the subject of current research.
A significant number of in vitro, animal and human clinical investigations have demonstrated the biological and pharmacological safety of niacin-bound chromium, which improved cardiovascular functions, promoted lean body mass, and prevented diabetes in experimental animals and humans by promoting the action of insulin and modulating protein, fat, and carbohydrate metabolism (26) . Withania somnifera (ashwagandha, also known as Indian ginseng) has been extensively used as a valuable drug in Ayurveda, the traditional medicine of India. Evidence has also shown that Withania somnifera can modulate the lipid peroxidative end products, such as malondialdehyde, the endogenous antioxidants, such as glutathione, and the antioxidant enzymes, such as superoxide dismutase, catalase, and glutathione peroxidase (32) . The pentose sugar ribose has been shown to significantly increase the rate of de novo adenine nucleotide synthesis by bypassing the rate-limiting step in the oxidative pentose phosphate pathway and thus elevating the phosphoribosyl pyrophosphate levels, leading to the synthesis of ATP (39) . Replenishing the tricarboxylic acid cycle components via amino acids rather than by fatty acids would increase ATP production, with positive effects on cellular metabolism. Moreover, oral supplementation with mixed essential amino acids protects the heart against ischemiareperfusion injury, reducing both the extent of the infarct size and the magnitude of apoptotic cell death (34) .
EF consisting of niacin-bound chromium, D-ribose, ashwagandha, and selected amino acids has been indicated for energy production, fat metabolism, the induction of nitric oxide, and several other clinically important stress-related proteins. AMP kinase (AMPK) is a serine/threonine protein kinase that has been described as a sensor for the energy state in various cell types. The rise in the level of AMP, coupled with the decrease in ATP, activates phosphorylated AMPK (p-AMPK), to maintain ATP level. Thus AMPK is known as the "guardian of energy status" (11) . Over a decade ago, it was shown that whole body heat shock activates a powerful endogenous protective mechanism that significantly improved myocardial salvage after prolonged ischemia and reperfusion injury to the heart (23) . A characteristic feature of this heat shock response is the expression of a family of proteins known as heat shock proteins (HSPs) (23) . Evidence has shown a direct correlation between HSP production and the degree of myocardial protection (4).
To address whether this hypothesized cardioprotective action will be achieved by supplementation of EF, we orally administered EF to male and female Sprague-Dawley rats for 30, 60, and 90 days, followed by measurements of ATP, creatine phosphate (CP), p-AMPK, and HSP levels after ischemia-reperfusion. To correlate biochemical and functional changes in the myocardium, heart rate, coronary and aortic flow, maximum first derivative of developed pressure (dP/ dt max ), and left ventricular developed pressure were also determined during myocardial ischemia-reperfusion injury. In the present study, the protective effects of EF on the heart after ischemia-reperfusion injury have been confirmed both biochemically and functionally. . Sprague-Dawley male and female rats weighing 175-199 g (6 -7 wk old) were used for the study and were divided into four groups: 1) control; 2) EF (40 mg/kg in 0.5 ml of water as suspension/day) treatment for 30 days; 3) EF (40 mg/kg in 0.5 ml of water as suspension/day) treatment for 60 days; and 4) EF (40 mg/kg in 0.5 ml of water as suspension/day) treatment for 90 days. EF, a combination of niacin-bound chromium (0.45%), D-ribose (10.71%), caffeine (22.76%), ashwagandha extract (10.71%), and selected amino acids, including phenylalanine, taurine, and glutamine (55.37%), was obtained from InterHealth Nutraceuticals. Agematched controls were used for 30, 60, and 90 days, respectively. EF was orally administered to rats for 90 consecutive days. All hearts were then subjected to 30-min ischemia followed by 2-h reperfusion.
MATERIALS AND METHODS

Animal
Isolated working heart preparation. Rats were anesthetized with pentobarbital sodium (80 mg/kg ip; Abbott, Baxter Health Care, Deer Field, IL), and heparinized (500 IU/kg iv) (Elkins-Sinn, Cherry Hill, NJ). After a sufficient depth of anesthesia was ensured, a thoractomy was performed and hearts were perfused in the retrograde Langendorff mode at 37°C at a constant perfusion pressure of 100 cmH 2O (10 kPa) for a 5-min washout period (18) . The perfusion buffer used in this study consisted of a modified Krebs-Henseleit bicarbonate buffer (KHB) (in mM: 118 NaCl, 4.7 KCl, 1.7 CaCl 2, 25 NaHCO3, 1.2 KH 2PO4, 1.2 MgSO4, and 10 glucose). The Langendorff preparation was switched to the working mode after the washout period, as previously described (8) . The working mode was introduced by switching the flow to the left atrium from the aortic root with a constant preload of 17 cmH 2O and an afterload of 100 cmH2O.
At the end of 10 min, after the attainment of steady-state cardiac function, baseline functional parameters were recorded. The circuit Fig. 1 . Effect of energy formula on left ventricular developed pressure (LVDP), heart rate, maximum first derivative of developed pressure (dP/dtmax), and aortic and coronary flow after 30 (A), 60 (B), and 90 (C) days of treatment. Isolated hearts both from male and female nontreated and treated rats (n ϭ 6) were subjected to 30 min of global ischemia followed by 2 h of reperfusion. Bars: open, male control; diagonal hatching, male treated; solid, female control; horizontal hatching; female treated. Results are expressed as means (SD). *P Ͻ 0.05, male treated vs. control (nontreated); #P Ͻ 0.05, female treated vs. control.
was then switched back to the retrograde mode, and hearts were perfused for 15 min with KHB buffer. The hearts were then subjected to global ischemia for 30 min and then 2 h of reperfusion. The first 10 min of reperfusion was in the retrograde mode to allow for postischemic stabilization and thereafter in the antegrade working mode to allow for assessment of functional parameters, which were recorded at 30-, 60-, 90-and 120-min reperfusion.
Cardiac function. Aortic pressure was measured by using a pressure transducer (Micro-Med) connected to a sidearm of the aortic cannula, and the signal was amplified by using a Heart Performance Analyzer Model 400 (Micro-Med) (30) . Heart rate (HR), left ventricular developed pressure (LVDP), and dP/dt max were all derived or calculated from the continuously obtained pressure signal (35) . Aortic flow was measured by using a calibrated flowmeter (Gilmont Instrument, Barrington, IL), and coronary flow was measured by timed collection of the coronary effluent dripping from the heart.
Infarct size estimation. At the end of reperfusion, a 1% (wt/vol) solution of triphenyl tetrazolium chloride in phosphate buffer was infused into the aortic cannula for 1 min at 37°C. The hearts were excised and stored at Ϫ70°C. Sections of frozen heart were fixed in 10% formalin, placed between two coverslips, and digitally imaged with the use of a Microtek Scan Maker 600z. To quantitate the areas of interest in pixels, NIH Image version 5.1 (a public domain software package) was used. The infarct size was quantified and expressed in pixels.
Western blot analysis. To quantify the abundance of the HSPs such as HSP-25, -70, -32, and p-AMPK, we performed Western blot analysis using various specific primary antibodies. Heart tissues from each treatment group were homogenized and suspended (50 mg/ml) in sample buffer [10 mM HEPES (pH 7.3), 11.5% sucrose, 1 mM EDTA, 1 mM EGTA, diisopropylfluorophosphate (DFP), 0.7 mg/ml pepstatin A, 10 mg/ml leupeptin, and 2 mg/ml aprotinin]. The homogenates were centrifuged at 3,500 rpm, and the cytosolic fractions were used for protein analysis. The total protein concentration was determined by using a bicinchoninic acid protein assay kit (Pierce, Rockville, IL). The cytosolic proteins were run on polyacrylamide electrophoretic gels (SDS-PAGE) typically using 12% (acrylamide- Fig. 2 . Effect of energy formula on infarct size after 30 (A), 60 (B), and 90 (C) days of treatment. Isolated hearts both from male and female nontreated and treated rats (n ϭ 6) were subjected to 30 min of global ischemia followed by 2 hrs of reperfusion. Results are expressed as means (SD). *P Ͻ 0.05, male treated vs. control (nontreated); #P Ͻ 0.05, female treated vs. control; †P Ͻ 0.05, male control (nontreated) vs. female control (nontreated). to-bis ratios). The separated proteins were electrophoretically transferred to Immobilon-P membranes (Millipore, Bedford, MA) using a semidry transfer system (Bio-Rad, Hercules, CA). Protein standards (Bio-Rad) were run in each gel. The blots were blocked in Trisbuffered saline (TBS)-TweenϪ20 (TBS-T) [containing 20 mM Tris base (pH 7.6), 137 mM NaCl, 0 and .1% Tween Ϫ20] supplemented with 5% (wt/vol) nonfat dry milk for 1 h; blots were incubated overnight at 4°C with the various primary antibodies. The antibodies were purchased from Santa Cruz, Stress Gen, and Cell Signaling and were used at manufacturer-recommended dilutions. Membranes were washed three times in TBS-T before incubation for 1 h with horseradish peroxidase-conjugated secondary antibody diluted 1:2,000 in TBS-T and 5% (wt/vol) nonfat dry milk. After incubation, membranes were washed three times with TBS-T for 10 min each, blots were treated with enhanced chemiluminescence (ECL from Amersham) reagents, and the required proteins were detected by autoradiography for variable lengths of time with Kodak X-Omat film.
Assay of high-energy phosphate compounds. The assays for adenosine triphosphate and creatine phosphate were carried out using high-pressure liquid chromatography as described previously (36) .
Statistical analysis. The values for myocardial functional parameters and infarct size are expressed as means (SD). Analysis of variance test was first carried out, followed by Bonferroni's correction, to test for any differences between the mean values of all groups. The results were considered significant if P Ͻ 0.05.
RESULTS
Effects of EF on myocardial function.
There was no significant difference in heart functions (LVDP, in mmHg), heart rate (in beats/min), dP/dt max (in mmHg/s), coronary flow (in ml/min), and aortic flow (in ml/min) before the induction of ischemia in the EF-treated hearts in comparison with untreated control hearts. In general, there was no significant difference between EF and controls in heart rate and coronary flow (Fig.  1) . After ischemia, on reperfusion, the values of all the functional parameters were decreased in all four groups. A significant increase in LVDP after 120 min of reperfusion was found in both male and female rats after 30 days of treatment (Fig.  1A ), but at 60 (Fig. 1B) and 90 (Fig. 1C) days, a significant difference in LVDP was found in females but not in males compared with control animals. Significant increases in dP/ dt max and aortic flow were observed during reperfusion in EF-treated rats. After 120 min of reperfusion, postischemic values of dP/dt max were significantly increased from the ischemic-reperfused control values in both male and female rats for (Fig. 1, A-C) . Similarly, aortic flow significantly increased in both male and female rats for 30 days [11.25 (SD 2.82) and 1.5 (SD 0.54) vs. (Fig. 1,  A-C) . The cardioprotective effects of EF-treated animals were demonstrated by a significant recovery of postischemic myocardial function.
Effects of EF on myocardial infarct size. Infarct size (percentage of infarct vs. total area at risk) was significantly higher in the control hearts subjected to 30-min ischemia followed by 2-h reperfusion compared with the hearts that were not subjected to ischemia-reperfusion protocol (almost at the baseline level; data not shown). The values were significantly reduced after EF treatment at 30 days [47.9 (SD 4.7) vs. 30.6% (SD 2.3) in male rats; 33.9 (SD 2.1) vs. 20.9% (SD 1.8) in female rats; Fig. 2A ], 60 days [48.1 (SD 6.9) vs. 26.5% (SD 4.4) in male rats; 32.9 (SD 2.1) vs. 20.5% (SD 3.1) in female rats; Fig. 2B ], and 90 days [44 (SD 1) vs. 22% (SD 2) in male rats; 32 (SD 1) vs. 15.6% (SD 2.7) in female rats; Fig. 2C ] compared with the ischemia-reperfusion control (Fig. 2) Effects of EF on HSP. EF treatment for 30 days in both male and female rats significantly enhanced the expression of HSP-25 (Fig. 3), -32 (Fig. 4,) and -70 (Fig. 5) , the significance was sustained for the 60-and 90-day treatment, respectively, when compared with control animals.
Effects of EF on phosphorylation for AMPK. EF also significantly enhanced the phosphorylation of AMPK in all three groups compared with the control group. As shown in Fig. 6 , A and B, phosphorylation of AMPK was increased in both male and female EF-treated rats at 30, 60, or 90 days.
Effects of EF on ATP and CP levels. Myocardial ATP levels increased by 7, 58, and 59% (Fig. 7A) , and CP levels increased by 17, 31, and 59% (Fig. 8A) after 30, 60 , or 90 days of EF supplementation, respectively, in male rats compared with control animals. Similarly, the ATP levels increased by 12, 57, and 80% (Fig. 7B) , and CP levels increased by 16, 61, and 63% after 30, 60, or 90 days (Fig. 8B ) of EF treatment in female rats, respectively.
DISCUSSION
This study shows that oral supplementation of EF in both male and female rats provided cardioprotection as evidenced by supe- rior postischemic ventricular recovery and reduced myocardial infarct size compared with the non-EF-fed animals. The hearts obtained from EF-treated rats revealed enhanced ATP, CP, and p-AMPK levels compared with control nonfed rats. In fact, a decrease in the AMP-to-ATP ratio triggers the activation of AMPK, leading to the phosphorylation of a large number of downregulated targets, and thus helps in maintaining the ATP levels. Supplementation of D-ribose has been known to rebuild depressed energy levels by forming 5-phosphoribosyl-1-pyrophosphate, a key molecule in ATP synthesis. The results of this study demonstrated a significant increase in HSPs (HSP-70, -32, and -25) in EF-treated myocardium, which suggests the activation of protective/defense mechanisms that may contribute to cardiac protection against ischemia. No significant changes were observed between the control and treatment groups after subchronic supplementation of EF. Furthermore, no changes were observed in selected organ weights individually and as percentages of body and brain weights (data not shown). EF supplementation did not cause changes in hepatic lipid peroxidation or DNA fragmentation after 30, 60, or 90 days of treatment (data not shown). Hematology, clinical chemistry, and histopathological evaluations did not show any adverse effects in all the organs tested (data not shown). These results suggest the broad-spectrum safety of EF. Although chromium is a micronutrient essential for proper insulin function and for normal protein, fat, and carbohydrate metabolism (19) , chromium, in general, is poorly absorbed and utilized. Niacinbound chromium complex (commercially available as ChromeMate) has been shown to significantly enhance absorption and utilization (3, 21, 24, 25) . EF, constituting niacin-bound chromium and D-ribose, might have activated AMPK, resulting in increased ATP levels. Reports show that once activated, AMPK increases energy supply by triggering the ATP-generating pathways and decreasing the energy demand by reducing the ATPconsuming process, which regulate the cellular energy status, resulting in cardioprotective effects (11) . AMPK is highly expressed and activated in cellular responses that increase the AMP-to-ATP ratio (10) . In our present study, the increase in the myocardial ATP and CP levels in both male and female rats supplemented with EF might be due to activation of one or more of three regulatory mechanisms, including increased p-AMPK levels, ribose supplementation, or amino acid supplementation, which acts directly/indirectly as a source of energy that regulate ATP production and utilization (16) .
HSPs or stress proteins perform a range of functions, including cytoprotection and the intracellular assembly, folding, and translocation of oligomeric proteins (29) . EF supplementation increases the expression of HSPs like HSP-70, -32 (HO-1), and -25. Donnelly et al. (6) observed a reduction in infarct size by the induction of HSPs when rat hearts are exposed to 35 min of left coronary artery occlusion in the intact animal model. Nonetheless, the identification of compounds able to induce the HSPs without inducing a full stress response is always a viable therapy. In our present study, EF supplementation improved functional recovery and decreased infarct size in male and female rats compared to nontreated animals. These observed effects may be due to increased expression of HSPs. Reports have demonstrated protective effects of HSPs in preventing heart damage after ischemiareperfusion injury (37) . Moreover, ribose supplementation has been shown to result in enhanced recovery of ATP after myocardial ischemia and to improve diastolic functional parameters (31) . Ashwagandha has been found to preserve left ventricular function after ischemia-reperfusion injury (15) . These protective effects may be attributable to the induction of antioxidant enzymes (superoxide dismutase, catalase, and glutathione peroxidase) and HSPs in the heart. Evidence shows that hearts isolated from transgenic mice that have been engineered to express human HSPs in the myocardium have shown greatly improved functional recovery, with decreased infarct size after the experimental induction of ischemia and reperfusion (14, 27) . HO-1 is known to cleave heme to yield carbon monoxide and the protective antioxidant molecule biliverdin (7) . Studies by Liesuy and Tomar (17) demonstrated a direct role of bilirubin resulting from the heme oxygenase activation as a physiological protector against oxidative injury (17) . In addition, the induction of heme oxygenase is coupled to the synthesis of ferritin (20) , which is known to be a cytoprotective antioxidant (1) . HO-1 knockout mice showed enhanced infarct formation after exposure to hypoxia, indicating an important protective role for this HSP (38) . HSP-70 is found to protect cardiac cells against simulated ischemia or thermal stress in vitro (2) as well as in a model of ischemia-reperfusion injury via the suppression of inflammatory cytokines (9). Sammut et al. (28) have also shown that HSP-70 upregulation may protect the mitochondrial energy metabolism in the injured heart by repairing the ion channels under stress conditions. HSP-25 (also called as HSP-27) has been shown to occur relatively higher in heart tissue (12) , is known to help in restoring the redox balance (5), and plays a regulatory role in muscle contraction (13) . Moreover, the functional recovery of EF-treated animals after ischemia might be due to its amino acid content. Pasini et al. (22) have shown that long-term treatment with amino acids reduces the increase of diastolic pressure during ischemia and improves the recovery of developed pressure in reperfusion without influencing the preischemic hemodynamics of isolated hearts. In addition, amino acids are precursors of important molecules like glutathione, which potentially may be responsible for ischemic myocardial protection (22) . Several studies have also reported that L-arginine acts as precursor of nitric oxide, which plays an important role in ischemia-reperfusion injury by increasing postischemic blood flow (33) .
In conclusion, this formulation (EF) demonstrated long-term safety as well as exhibiting significant cardioprotective ability by increased energy production, improved cardiac function, and reduced infarct size, which proves its ability for the treatment of heart disease in humans.
GRANTS
This study was supported by InterHealth Research Center (Benicia, CA).
